A baseflow separation methodology combining the outcomes of the flow-duration curve and the digital filtering algorithms to cope with the restrictions of traditional procedures has been assessed. Using this methodology as well as the monitored and simulated hydro-climatological data, the baseflow annual variations due to climate change and human-induced activities were determined. The outcomes show that the long-term baseflow index at the upstream sub-basin is nearly half of that at the downstream from October to April, whereas they are close to each other for the remaining months. Some of the groundwater reacts to precipitation and an evident rise in the groundwater contribution was detected for the hydrological years 1998-2001 and 2006-2008. The contrary was recorded for1987. The water released from the reservoir in the dry periods led to distinctions in the detected baseflow index between the pre-damming and post-damming periods of the river.
Introduction

Context
Separation of the river flow hydrograph into baseflow and direct runoff is a valuable method to comprehend subsurface water contributions to a stream, particularly when dealing with various water resources regulation problems (Lu et al. 2015, Mohammed and Scholz 2016) . These procedures have also been applied to calculate the subsurface water proportion of hydrological resources and to contribute to the estimation of recharge. The direct runoff element denotes the extra discharge contributed by groundwater and surface runoff. However, the baseflow element denotes constant groundwater flow additions to streamflow, which is often important for water resources assessments (Brodie and Hostetler 2005) .
The baseflow index (BFI) represents the ratio of the baseflow to the total flow and can be calculated by applying a hydrograph separation method. Generally, this index can vary from 0.15 to 0.20 for an impermeable basin and be more than 0.95 for a large-capacity basin. The BFI relates to basin characteristics such as soil type, geology, topography, plants and regional climate (WMO 2009 , Price 2011 ).
Numerous procedures have been suggested for baseflow separation, which are usually classified into three main groups: graphical methods (Linsley et al. 1988) , digital filtering algorithm frequency assessment, and recession analysis (Welderufael and Woyessa 2010, Mohammed and Scholz 2016) . Nathan and McMahon (1990) differentiated techniques for constant separation by various flow proportions (Tallaksen and van Lannen 2004) . Graphical methods separate the flow hydrograph by linking the intersecting point of the baseflow and the runoff on the bottom point at the rising limb of the flow hydrograph, where it is anticipated that all discharges are considered as baseflow (Linsley et al. 1988, Welderufael and Woyessa 2010) . These methods separate the baseflow by many techniques that differ in their complexity: constant flow rate, constant slope and concave techniques . Lim et al. (2005) highlighted that the major disadvantage of the graphical procedures is the lack of reliable results, even for the same flow dataset.
The United Kingdom Institute of Hydrology (UKIH) method is applied for daily mean flow data and is founded on the identification and interpolation of turning discharge values in a measured streamflow time series (Piggott et al. 2005) . The turning points represent the time in days and equivalent discharge values, where the recorded streamflow value is anticipated to be the total baseflow. For turning point calculations, the flow values are divided into a series of 5-day parts, and the lowest values of flow within each part (an x and y pair, where x i is the day on which the lowest flow value of y i happened) are the turning points. Then, the candidate turning point is compared to the preceding and following parts. Turning points are tested using the condition 0.9 × y i < min(y i˗1 , y i+1 ) (Piggott et al. 2005) . The baseflow temporal variation is computed by piecewise linear interpolation connected by sequential sets of turning points.
The digital filtering algorithm (DFA) is the most commonly utilized approach in streamflow separation and divides the baseflow by a processing method (Welderufael and Woyessa 2010, Mohammed and Scholz 2016) . This procedure can be automated (Eckhardt 2005, Mohammed and Scholz 2016) . For the purpose of this paper, two DFAs were assessed: the Eckhardt (2005) and the frequently applied Chapman (1999) procedures.
The flow-duration curve (FDC) can be defined as a curve showing the percentage of time that a streamflow is likely to be equivalent to or greater than a specific value. This plot describes the capability of the basin to provide flows of various magnitudes. The lower and upper parts of the plot profile are essential in evaluating the channel and basin attributes. The form of the high-flow area indicates the type of flood that the basin is describing, while the form of the low-flow region characterizes the basin capacity to sustain low flow during the dry season. Generally, Q 50 is taken to be the median flow. A flow of ≥Q 50 is understood to be low flow (Welderufael and Woyessa 2010, Mohammed and Scholz 2016) . The ratio Q 90 /Q 50 (i.e. the ratio of recorded flow ≥90% and ≥50% of the time) denotes a percentage of the river flow subsurface water aquifer contribution, or the corresponding proportion of the baseflow component , Gordon et al. 2004 , Stewart 2015 .
The baseflow timing and quantity can be impacted by many factors, such as climate, human activities (e.g. river damming) and basin characteristics. Many scientists have analysed the baseflow contribution to streamflow (e.g. Partington et al. 2012 , Fan et al. 2013 , Mei and Anagnostou 2015 , Rumsey et al. 2015 , Stewart 2015 , Wan et al. 2015 , He et al. 2016 , Lott et al. 2016 , Miller et al. 2016 , Mohammed and Scholz 2016 . However, they have used and/or compared many traditional techniques without taking into consideration climate change, drought phenomena and/or human-induced activities.
To address the knowledge gap, this study considers such impacts on the baseflow of a stream.
Rationale, aim, objectives and importance
The impact of a combination of anthropogenic intervention and climate change on the streamflow of a basin differs subject to climatic zone arrangement. Consequently, this should be investigated at a local scale (e.g. basin or sub-basin). Recently, due to universal climate variability and local human-induced stresses, many areas have been affected by floods and droughts. Thus, evaluating the impact of such changes is important for understanding the mechanisms of hydrological response at a basin scale, regional water resources organization and flood and drought protection. The Lower Zab River Basin (LZRB) has witnessed substantial alterations in hydro-climatic variables, as well as human activities, in recent years. Accordingly, this basin can be considered as an excellent case study for evaluating the hydrological influence of climate variability and anthropogenic intervention.
The aim of the current research was to apply the methodology of Mohammed and Scholz (2016) to assess the impact of climate change, drought events and human activities on the baseflow contribution to streamflow. In addition, multiple aspects of basin hydrology were addressed. This was accomplished by addressing the following objectives: (i) to investigate the spatio-temporal characteristics of meteorological data at monthly and annual time periods; (ii) to apply the approach developed by Mohammed and Scholz (2016) to study the effects of climate change, drought events and anthropogenic interventions on the baseflow of the LZRB (Fig. 1) ; (iii) to quantify the spatiotemporal baseflow contribution to the LZRB; and (iv) to analyse the sensitivity of the baseflow and reservoir inflow to the collective impact of climate change.
The research can be considered as a comparative basin study during which climate change impact, drought events, human intervention, precipitation (P), potential evapotranspiration (PET) and streamflow alteration are assessed. By providing a full picture of the prospective climate change and the expected human-induced impacts, the study results should be beneficial for engineers and policy makers, enabling them to develop an effective adaptation strategy to cope with and mitigate the potential impacts of these changes. Therefore, a challenge is for the assessed methodology (Fig. 2 ) to address whether a simple implementation, while it can be applied to one regime, could easily be replicated in other water resources systems.
Materials and methodology
Illustrative case study area
The Lower (Lesser or Little) Zab River is a key stream of the Tigris River located near Erbil (northeastern Iraq). The watercourse system is located at latitude 36°50′N-35°20′N and longitude 43°25′E-45°50′E , as shown in Figure 1 . The associated river basin is subject to a varied range of hydro-climatic conditions, as well as upstream and downstream structural improvements (Mohammed and Scholz 2017a) . Accordingly, the basin has been selected as an illustrative case study for both semiarid and arid areas. The stream originates in the Zagros Mountains in Iran and flows approximately 370 km southeast and southwest through northwestern Iran and northern Iraq before joining the Tigris near Fatha city, which is situated approx. 220 km north of Baghdad (Mohammed and Scholz 2016) , with a total distance of approximately 302 km. The river basin area is approximately 19 254 km 2 , of which nearly 76% is located in Iraq. The average yearly volume of the river at Dokan and Altun Kupri-Goma is about 6 × 10 9 and 7.8 × 10 9 m 3 , respectively (Mohammed and Scholz 2017c) (Fig. 1) . Dokan is the main dam that was constructed within the upper part of the basin to control the discharge of the river, store water for irrigation purposes and to provide hydro-electric power.
Meteorological drought identification
This study applied the reconnaissance drought index (RDI) for drought identification (Vangelis et al. 2013 ). This index is founded on the relationship between the two aggregated quantities of precipitation and potential evapotranspiration (Tsakiris and Vangelis 2005) . The RDI can be expressed in alpha (RDI αk ), normalized (RDI n ) and standard (RDI st ) forms. The RDI st can be applied for drought harshness calculations and the RDI αk can be used as an index of aridity. A positive RDI st indicates a wet period and a negative number indicates a dry period compared to the natural regional conditions. The RDI αk is usually estimated by:
where P ij and PET ij are, respectively, the precipitation and the potential evapotranspiration of the jth month and the ith hydrological year, which in Iraq starts in October, and N is the total number of hydrological years for the equivalent climate. The values of RDI αk are equal to both the lognormal and the gamma distributions for many locations at various time periods (Tigkas 2008) . By utilizing the gamma distribution, RDI st can be estimated by:
where y i is ln(α ki ), ӯ is its arithmetic average, and σ y is the associated standard deviation. Equation (3) can be applied for RDI st evaluation for the gamma distribution (Tigkas 2008) :
where γ, β and Γ(γ) are the shape, scale parameter and gamma function, respectively. The parameters γ and β of the gamma probability distribution can be estimated by the following equations:
The drought severity rises when RDI st values are minimum. The RDI st values can be categorized into eight classes (Vangelis et al. 2013, Mohammed and Scholz 2017c) , as shown in Table 1 . For more details regarding this index, readers are referred to earlier research studies (Tigkas et al. 2012 ).
Flow-duration curve and digital filtering algorithms
Daily flows at two key hydrological stations (Dokan and Altun Kupri-Goma Zerdela) were analysed by applying the methodology suggested by Mohammed and Scholz (2016) . The Eckhardt (2005) approach was used to achieve low-pass filtering of the flow hydrograph to separate baseflow, which is mathematically expressed by:
where BF (m 3 /s) is the separated baseflow, BFI is the baseflow index, TF (m 3 /s) is the total flow and α is the Eckhardt filter parameter, subject to BF t ≤ TF t .
Two parameters are needed for the Eckhardt recursive method identification (Eckhardt 2005) : (i) the recession constant α (Eckhardt parameter), which stems from the recession curve of the hydrograph valuation; and (ii) BFI max , which cannot be measured, but can be enhanced based on the results of other methods. Eckhardt (2005) introduced three typical BFI max values for diverse hydrological and hydrogeological environments: BFI max = 0.80 for perennial streams with porous aquifers, BFI max = 0.50 for ephemeral streams subjected to permeable aquifers, and BFI max = 0.25 for perennial streams with impermeable aquifers. As a first approximation, this study used BFI max = 0.25 (Eckhardt 2005 , Stewart 2015 . Chapman (1999) discussed the second recursive DFA, which can be estimated by:
where DF (m 3 /s) is the direct runoff, TF (m 3 /s) is the total flow, α is the filter parameter and t is the individual time step.
Based on the suggested approach, the outcomes of the FDC study were combined with the results from Equation (7) to gain an α value, considering BFI max = 0.25 (Eckhardt 2005) for perennial rivers with predominantly porous aquifers, as a first estimation. First of all, the long-term Figure 2 . Proposed methodology for assessing the impacts of climate change, human activities and drought events on the groundwater contribution to river flow.
mean annual fraction of the total flow from the baseflow was estimated after obtaining the Q 90 and Q 50 values by applying the FDC method, connecting Equation (7) with FDC (Al-Faraj and Scholz 2014, Mohammed and Scholz 2016) . Considering α = 0.925 as an initial number (Arnold and Allen 1999, Smakhtin 2001) , filtering of daily flow was undertaken for various values of the filter parameter α up to a point when the BFI was equivalent to the ratio Q 90 / Q 50 . By applying the filtered α, several baseflow time series could be gained. Secondly, linear regression models were performed between the annual BFI and the corresponding runoff for all considered periods at both the upstream and the downstream sub-basins to investigate climate change, drought events and river regulating impacts on the baseflow contribution (Mohammed and Scholz 2016) .
Data availability, collection and analysis
Meteorological data
Daily meteorological data, which included precipitation and minimum and maximum air temperature from 10 stations with elevations between 319 and 1536 m a.s.l., were gathered for the period 1979/80 to 2012/13 (Table 2 and Fig. 1 ).
Hydrological data
The daily flow data were evaluated at two key hydrometric stations: Dokan (35°53′00″N; 44°58′00″E) and Altun Kupri-Goma Zerdela (35°45′41″N; 44°08′52″E). The drainage area for Dokan is estimated at 12 096 km 2 and data are available for the period 1931-2013, whereas the corresponding values for Altun Kupri-Goma Zerdela are 8509 km 2 and 1931 -1993 .
Geospatial data
Iraqi boundaries and the LZRB shape files were downloaded from the Global Administrative Areas (GADM 2012) and the Global and Land Cover Facility (GLCF 2015) databases, respectively. The GADM is a spatial database of the location of the world's administrative areas (or administrative boundaries) for use in geographic information system (GIS) and similar software. The GADM describes where these administrative areas are located and, for each area, provides some attributes such as the name and corresponding variant names, whereas the GLCF is a centre for land cover discipline, with a focus on study using remotely sensed satellite data and products to access land cover change for local, national and global systems. For hydro-climatic stations, site projections, weighted average calculations and stream catchment outlines, ArcGIS 10.3 was used. Table 2 summarizes the location details of the meteorological stations. Statistical analyses, including the daily hydro-climatic datasets, comprising trend test, monthly and annual amounts, modifications and the filling of data gaps, were completed by the Statistical Program for Social Sciences (SPSS) (ITS 2016) . The estimation of PET (mm) was performed by the FAO Penman-Monteith standard method (Allen et al. 1998 ) which was estimated based on the reference evapotranspiration, ET o (mm), calculator version 3.2 (FAO, 2012).
The weighting mean method was used for rainfall spatial distribution estimation. The process is often seen as essential for engineering praxis. For more information and detailed descriptions of this method, readers are referred to many previous studies, such as Mohammed et al. (2018) .
The DrinC 1.5.73 software was used to calculate the RDI st values. The Indicators of Hydrologic Alteration software (version IHA 7.1) (The Nature Conservancy 2009) was used to evaluate the natural flow regime alteration that resulted from climate change linked to human-induced activities. For flow-duration curve estimation and baseflow separation, HydroOffice (2015) for BFI+3.0 and FDC was used (https://hydrooffice.org/ Downloads?Items=Software), applying the methodology developed by Mohammed and Scholz (2016) . The RS MINERVE 2.5 (2016) free software was applied for the simulation of free surface runoff flow formation and propagation (Foehn et al. 2016) , and used to run the HBV (Hydrologiska Byråns Vattenbalansavdelning) rainfall-runoff model (https://www.crealp.ch/down/rsm/ install2/archives.html). To detect trends in the long-term hydro-climatic data, the distribution-free Mann-Kendall (M-K) method was applied (Tabari and Talaee 2011, Robaa and AL-Barazanji 2013) . This powerful technique does not assume a specific data distribution (Mohammed and Scholz 2017a) . Table 2 presents the M-K test results for the key meteorological variables.
Hydrological model and climatic scenario
Rainfall-runoff models have been used widely to obtain streamflow data since such data are not easily obtainable. These models contain a series of equations that attempt to simulate the variety of the interrelated procedures that participate in hydrological processes. The hydrological models are usually categorized based on many criteria, such as process description, solution mechanism and scale. Many types of rainfall-runoff models have been used in the literature, such as lumped, distributed, continuous-time and event-based models, as well as conceptual and black-box models (Kaleris and Langousis 2017) .
Based on a set of weather data, this research study applied the HBV rainfall-runoff model to simulate the basin runoff . The HBV is an illustration of a semi-distributed conceptual model estimating daily discharge based on daily precipitation and temperature, and monthly estimates of potential evaporation as input data. For runoff simulation, the model was initially calibrated and subsequently validated for normal climate. The performance of the HBV model was evaluated by using the following statistical criteria:
where RMSE is the root mean square error (-), IoA is the index of agreement (-), r is the correlation coefficient (-), MAE is the mean absolute error, R obs(i) is the measured streamflow (mm/month) at time step i, R sim (i) is the predicted streamflow (mm/month) at time step i, R obs is the average amount of the recorded values (mm/month) and n is the number of data point(s).
For the climate change prediction, the delta perturbation scenario was applied (Tigkas et al. 2012 . By using this scenario, the historical climatic variables (mean air temperature and/or precipitation) are perturbed incrementally (and rationally) through arbitrary amounts, as shown in Equation (13), with steps of 2% within the range 0 to −40% for P and 0 to +30% for PET. These scenarios comprise all potential basinwide climate change predictions (336 scenarios).
where AMV t is the anticipated meteorological variable (mm) at a specific time step t, OMV t is the observed meteorological variable (mm) at time step t and RA is the added or subtracted ratio (%).
To simulate different climate change scenarios, we used the hydrological years 1988-2000, which are characterized by a mean of RDI st near to zero. Even though the delta perturbation scenario does not address changes in the probability distribution of weather properties and seasonality of, for example, streamflow in the future, it is still a productive technique for identifying tipping points when a reservoir is anticipated to fail catastrophically in supplying sufficient water . The delta perturbation scenarios often represent a realistic set of variations that are physically reasonable. Recently, numerous researchers have adopted this scenario (e.g. Tigkas et al. 2012 , Reis et al. 2016 , Soundharajan et al. 2016 .
Findings and discussion
Meteorological parameter trends
To identify the decadal trend of the main meteorological variables, a distribution-free test was conducted. Table 2 shows the analysis for 10 meteorological stations distributed between the upstream and downstream subbasins for the time horizon between 1979 and 2013. The analysis shows that there is a positive tendency in yearly mean temperature (T m ) at approximately 90% (p < 0.01) of the locations. The significant warming trends in yearly T m changed from 0.37 to 1.91°C per decade, and the findings are largely in agreement with previous studies (Robaa and AL-Barazan 2013, UNESCO 2014 , Mulder et al. 2015 . A declining trend in precipitation with an average degrease of about 162 mm per decade was observed ( Fig. 3(a) ). The basin annual and maximum precipitation are approximately 720 and 1222 mm, respectively, whereas the equivalent lowest 250 mm was allocated to the period [2007] [2008] . Statistical analysis of the meteorological data revealed that the climate of the study area has been getting warmer and drier due to climate change over the past 35 years.
Furthermore, the average yearly precipitation altered spatially from 56 mm at Kirkuk station, which is located in the lower sub-basin, to 1369 mm at Sulymaniya station, located in the upper sub-basin. This shows that the upstream sub-basin, which is considered high compared to the downstream sub-basin, had greater precipitation values than the downstream one.
The analysis also showed that long-term PET has risen significantly (p < 0.01), by approximately 77%, with a decadal growth that extended to a maximum of about 36 mm (Table 2 ). Both variations have contributed significantly (p < 0.01) to the decrease in river flow and indicate that, during the past 35 years, climate change has affected the meteorological characteristics of the LZRB considerably. Climate variation produced changes in precipitation, mean temperature and potential evapotranspiration, extending the gap between the basin water storage capability and the equivalent water needs (Fig. 3(a) and (b) ).
Baseflow index analysis
3.2.1 Spatio-temporal distribution 3.2.1.1 Upstream sub-basin. Based on the outcomes of Equation (7), a value of α = 0.982 yielded a BFI equivalent to the value resulting from the low-flow analysis. After considering this value in the baseflow separation technique, the following information was gained: firstly, over the hydrological period 1931-2013, the annual baseflow values varied from 0.448 × 10 9 m 3 (2006) to 3.54 × 10 9 m 3 (1968). The equivalent annual baseflow varied from nearly 37 m 3 to almost 293 m 3 . However, the long-term baseflow value and the equivalent standard deviation (SD) were 1.43 × 10 9 and 0.60 × 10 9 m 3 , respectively. Accordingly, the long-term average annual value of baseflow and the associated SD were predicted to be around 118 and~50 mm, respectively. The results show that the storage of the Dokan sub-basin aquifer decreased by about 87%, which indicates that during the past 35 years climate change has negatively affected the availability of water within the basin. Figure 4 ((a)-(c)) and Equations (14), (20) and (26) (Table 3) show a strong correlation between the separated baseflow and the total flow. Furthermore, Figure 4(d) shows that the annual temporal values of the BFI fluctuated from 0.26 (1958) to 0.42 (1997) and the long-term BFI and the equivalent SD were 0.35 and 0.027, respectively. These outcomes show that around 70% of the yearly BFI values were located within the mean ± SD ranges.
Based on Equation (8), the results show that a value of α = 0.925 yields a BFI equivalent to the value gained from the FDC. Therefore, the annual values of baseflow changed from 0.84 × 10 9 m 3 (2006) to 7.26 × 10 9 m 3 (1968). The equivalent annual baseflow varied from 69 mm to~600 mm. The long-term average annual value of baseflow and the equivalent SD were 2.86 × 10 9 and 1.23 × 10 9 m 3 , respectively. The longterm average yearly value of baseflow and the corresponding SD were 237 and~102 mm, respectively. The results of Equation (8) also show that the storage of the Dokan sub-basin aquifer decreased by about 88%, which confirms the results obtained by applying Equation (7) and indicates that, during the past 35 years, climate change has negatively affected the availability of water within the basin. Figure 4 shows the separated baseflow linked with the total flow. The developed linear models (Equations (15), (21) and (27); Table 3 ) also show a strong correlation. The temporal variation of annual BFI ranged from 0.51 (1968) to 0.54 (1972) . The average long-term BFI value and the matching SD were 0.53 and 0.01, respectively. Accordingly, roughly 61% of the BFI yearly values were expected to be within the mean ± SD ranges. Furthermore, the results demonstrated a good relationship between Equations (7) and (8), as shown in Table 3 (Equations (16), (22) and (28)).
The BFI, which is the ratio Q 90 /Q 50 , represents volumes of water that the river might have obtained from groundwater flow or other delayed shallow subsurface sources in the studied periods. A high BFI value shows the ability of the basin to recharge the stream during a prolonged dry season. The BFI is associated with many river basin characteristics, such as soil type and geology, topography, vegetation and weather. Analysis of the results indicates that there is a moderate variation in the BFI values at the upstream sub-basin, which can be attributed to the increase in groundwater influence on the total flow of the river. Therefore, more consideration should be given to evaluating the aquifer characteristics and comprehending the aspects that might cause such alterations for improving management of subsurface resources within the basin.
Downstream sub-basin.
The results from Equation (7) show that a value of α = 0.925 yields a BFI equating to that obtained from the FDC. For the period 1931-1993, the annual baseflow magnitude changed between 0.01 × 10 9 m 3 (1993) and 4.20 × 10 9 m 3 (1968). The long-term average yearly baseflow value and the equivalent SD were 1.60 × 10 9 and 0.76 × 10 9 m 3 , respectively. Figure 4 shows the relationships between the entire flow and the separated baseflow. The estimated linear model represented by Equations (17), (23) and (29) (Table 3) 21 (1989) and 0.82 (1992) , while the BFI long-term value was 0.51 ± 0.11. Around 94% of the baseflow index annual values are within the mean ± SD ranges range and the developed Equations (18), (24) and (30) (Table 3) show a robust coefficient of determination (R 2 ). The results also demonstrate a strong relationship between Equations (7) and (8), as shown in Table 3 (Equations (19), (25) and (31)).
The results of Equations (7) and (8) are identical at the downstream sub-basin and show that there was a reduction in the storage of the sub-basin aquifer by about 100%; they also indicate that, during the past 35 years, climate change has negatively affected the availability of water within the basin. Furthermore, the temporal analysis of the BFI indicates that, during the hydrological year 1968, the contribution of the groundwater to the LZRB total hydrograph was larger (about 74%) than that during the hydrological year 1989, which may be attributed to the reduction of the basin water storage availability as a result of climate change.
The spatial analysis of the BFI shows that the filter parameter values of 0.982 and 0.925, which were obtained from Equations (7) and (8), respectively, are not the same for the upper and lower sub-basins, and this shows that the aquifers of the two sub-basins have different features. Accordingly, to improve the water resources management of the basin, more attention should be given to assessing the characteristics of the aquifer and comprehending the aspects that might cause such differences.
Human-induced impact
To explore the potential impact of human activities (i.e. river damming) on the subsurface water contribution to the total streamflow, this study considered three time periods representing pre-damming, post-damming and an integrated time period. At the upstream sub-basin, the pre-damming period covers the hydrological years 1931-1965, the post-damming period covers the hydrological years 1966-2013, and the integrated period covers the hydrological years 1931-2013. The corresponding periods at the downstream sub-basin are 1931-1965, 1966-1993 and 1931-1993, respectively. At the upstream sub-basin (Dokan), the Q 90 and Q 50 values for the three considered periods were 35 and 101, 31 and 100, and 33 and 100 m 3 /s, respectively. Thus the Q 90 /Q 50 ratios were 35, 31 and 33%, respectively, representing the water capacities that the stream would obtain from groundwater recharge and/or other delayed low groundwater resources during the considered time periods. At the downstream sub-basin (Altun KupriGuma Zerdela), the corresponding Q 90 and Q 50 values were 40 and 132, 17 and 127, and 31 and 129 m 3 /s, respectively, with Q 90 /Q 50 ratios of 30, 14 and 24%.
The results show that the BFI values for the pre-damming periods were considerably larger than those for the post-damming and integrated periods, and this can be attributed to the decrease in the subsurface water contribution to the LZRB flow due to water being stored by the Dokan Reservoir throughout dry months. This, in turn, decreases the BFI. Consequently, and for the purposes of the development of groundwater flow management, more attention should be given to the evaluation of the groundwater aquifer properties and to understanding the features potentially causing these variations.
For the pre-damming period, a value of α = 0.982 was produced by Equation (7 . However, the annual baseflow magnitudes estimated by Equation (8) during 1953) and the equivalent annual baseflow was between 65 and 266 mm. The long-term annual mean BF was 2.91 ± 1.05 × 10 9 m 3 . For the post-damming period, the annual baseflow values obtained from Equation (7) . These findings show that, due to the impact of climate change over the past 35 years, the basin aquifer storage decreased by about 77 and 88% for pre-regulated and post-regulated time periods, respectively. This may directly affect the availability of water within the basin.
Furthermore, Figure 5 displays the variations in total flow, baseflow and BFI for the three periods in the two sub-basins, and shows that the derived baseflow values for the studied time periods display similar patterns. Variations were seen for the BFI in the postdamming period, in particular, at the upstream subbasin (Fig. 5(a) ), which could be attributed to the water stored in the Dokan Reservoir during the dry season.
Impact of drought and climate change
To study the impact of climate change and drought phenomena on basin hydrology, it is important (as a first step) to investigate the impact of such changes on the hydro-climatic variables and the baseflow index. The dry and wet years are determined by the minimum and the maximum flows, respectively. Yoo (2006) suggested that when the average yearly precipitation of the basin is greater than the average precipitation (P av ) + 0.75SD, then the hydrological year is defined as wet. However, when precipitation is no more than the characterized P av − 0.75SD, the year is considered as dry. Therefore, years with annual precipitation values within this range can be regarded as normal hydrological years, i.e. P av − 0.75SD ≤ P ≤ P av + 0.75SD (Yang et al. 2008) . Figure 6 shows wet-and dry-year thresholds coupled with precipitation and BFI. A significant (p < 0.01) rise in the basin average precipitation, P av , of nearly 44% was seen for the year 1987. A noteworthy change in the flow of about 118% resulted in an increase in the amount of precipitation, ), indicating the absolute minimum and maximum yearly average storage capacities; simultaneously, the baseflow increased from approximately 31 to nearly 35%. Figure 7 presents RDI st values estimated for the studied sub-basins, showing that a non-symmetric annual pattern of droughts and wet periods was detected, particularly in the upper sub-basin. These results indicate that the studied area suffered from a severe drought during the last few decades and the severity of drought increased, while the number of months with long durations of precipitation shortages and potential evapotranspiration growth increased. Droughts were identified on a regular basis at the upstream sub-basin for the hydrological years 1998/99, 1999/2000, 2000/01, 2007/08 and 2008/09 (Fig. 11(a) ). The corresponding mean RDI st values were −1.84, −1.67, −1.45, −2.91 and −1.53. These findings, which complement several earlier studies (Fadhil 2011 , UNESCO 2014 , indicate that climate change has increased the severity of droughts within the studied climatic zone. At the upstream subbasin ( Fig. 7(a) ) the baseflow index increased from approximately 30 to 35%, while at the downstream subbasin ( Fig. 7(b) ) no drought episodes were recorded.
Seasonal analysis
Furthermore, results of the seasonal BFI variability at the upstream sub-basin ( Fig. 8(a) ) show that this subbasin is likely to recharge LZRB with groundwater. This contribution started to rise significantly (p < 0.05) from April, reaching an absolute maximum by the end of June. Then, this level of recharge continued without change until the middle of August, followed by a marginal drop in September. In general, the BFI entries showed high variations over the dry period. 8(b) reveals that the long-term BFI at the downstream sub-basin is nearly double that of the upstream sub-basin for the months October-April, whereas they are close to each other for the remaining period. This variability in BFI may result from the difference in the studied time periods, since the period horizon for the Dokan subbasin spanned from 1931 to 2013 (82 years), whereas that for the Altun Kupri-Goma Zerdela sub-basin ranged from 1931 to 1993 (62 years). Despite the fact that the catchment area of the Dokan sub-basin (12 096 km 2 ) is larger than that of the Altun Kupri-Goma Zerdela (8509 km 2 ), the former is characterized by both a higher precipitation rate and elevation (Table 4 ). This would increase the contribution of runoff and the interflow to the total flow of the Dokan sub-basin, which in turn decreases the contribution of the baseflow to the LZRB discharge. The research findings specify that, over the last few years, climate variability and drought events harmfully affected the water resources availability of LZRB. Figure 9 reveals the anticipated variations of RDI st associated with the potential impact of future reduction in the precipitation under the collective effect of potential evapotranspiration increase. Figure 9 indicates that the severity of drought would increase as a result of climate change.
Furthermore, considering the climate change impacts on the separated baseflow as well as the inflow to the Dokan Reservoir, Figure 10 (baseflow) and Figure 11 (inflow) show examples of the sensitivity analysis of these hydrological characteristics under the collective impacts of climate change.
The HBV model has been used to simulate the reservoir inflow, which was firstly calibrated and validated based on the normal climatic conditions. During the model calibration, the statistical performance results of RMSE, index of agreement (IoA), correlation coefficient (r) and mean average error (MAE), were 0.73, 0.99, 0.93 and 0.65, respectively, whereas the values for the validation period were 0.68, 0.99, 0.84 and 0.60 (refer also to Mohammed and Scholz 2017b). The findings emphasize that the model can confidently be used for more research, such as running the delta perturbation scenarios and calculating the relative change (%) of mean yearly flow relative to the natural climate conditions. Figures 10(a) and 11(a) show that the baseflow and reservoir inflow are sensitive to seasonal variations in precipitation. However, they can be considered less sensitive to the variations of potential evapotranspiration ( Fig. 10(b) and 11(b) ). Additionally, Figures 10 and 11 demonstrate how climate change could cause marked drops in the separated baseflow and reservoir inflow. Compared to the baseline and the observed inflow values, the peaks of the anticipated values of these variables would decrease and there would be a noticeable alteration in their magnitude, which could lead to a dramatic impact on the water resources availability of the basin. Figure 12 shows that there would be a wide variability in the simulated inflow, baseflow and BFI values. For example, the simulated values of inflow, baseflow and BFI based on the Future 6 scenario (F 6 ) (10% precipitation reduction linked with 10% potential evapotranspiration increase) could be as low as 36, 34 and 22%, respectively, which indicates the severity of climate change in the study area. The climate change impact on the runoff estimations generally follows the impact on both baseflow and BFI. The coefficient of variation (Cv) for the simulated inflow, separated baseflow and BFI is as high as 0.45, 0.51 and 0.31, respectively. This coefficient can be considered as an indication of the variability or uncertainty of these values.
Conclusions and recommendations
A generic methodology was applied to evaluate the impact of climate change, drought phenomena and anthropogenic activities on the baseflow contribution to the total flow of an arid basin. The results indicate that there was a similar pattern in the annual temporal variations of the separated baseflow for the upstream and downstream parts of the basin. Very good correlations were noticed between the Figure 10 . Sensitivity analysis of the separated baseflow with respect to the impact of (a) precipitation (P) reduction and (b) potential evapotranspiration (PET) increase. Future scenarios: F 5 (10% reduction in P linked with 0% increase in PET); F 6 , F 7 and F 8 (10% reduction in P linked with 10, 20 and 30% increase in PET, respectively); and F 9 (20% reduction in P linked with 0% increase in PET). separated baseflow and the total flow at both locations, as well as between the two considered algorithms. The average yearly baseflow index increased from 0.14 to 0.38 for the upstream and downstream sub-basins, respectively, which indicates that 14-38% of the long-standing flow of the basin can be sustained by groundwater flow. There were relatively large differences in the baseflow contributions between the upstream and downstream sub-basins, which can be attributed to the variations in the studied periods and the drainage area of each sub-basin, as well as the existence of aquifers with greater releases in the downstream location compared to the upstream one.
Alteration of the hydrological environment can be considered as one of the significant potential impacts of the projected climate change in the reservoir area. Based on the outputs of the HBV model, a serious reduction in the Dokan Reservoir inflow is recommended due to the reduced precipitation and the rise in potential evapotranspiration. For example, a decrease in streamflow of approximately 21% is likely to result in 10% precipitation decrease and 30% potential evapotranspiration increase. The peak inflow value will decrease and there will be a clear shift in the corresponding magnitude, which would lead to a significant impact on the availability of water resources within the basin.
The suggested approach is useful, simple and supports the preparation for future basin management, particularly when challenging hydrological models cannot be applied appropriately because of a deficiency in the observed data. This method bridges the gap in the understanding of decision makers with respect to the influence of climate variability, drought phenomena and human activities on the baseflow contribution to streamflow under arid climatic conditions.
Further research is recommended to evaluate the aquifer behaviour and the corresponding data variability. A detailed exploration of the baseflow contribution to the total flow is important, because of water resources shortages and corresponding conflicts among different stakeholders and countries. Furthermore, the study should be repeated for different climatic regions to assess climate change in addition to the impact of both drought phenomena and river regulation on groundwater contributions to runoff.
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